TiO 2 is a prototypical transition metal oxide with physicochemical properties that can be modified more readily through sol-gel synthesis than through other techniques. Herein, we report on the change in the density of the hydroxyl groups on the surface of synthesized surfactant-free TiO 2 nanoparticles in water due to varying the pH (7.3, 8.3, 9.3 and 10.3) of the peroxotitanium complex, i.e. the amorphous sol, prior to refluxing. This resulted in colloidal solutions with differing crystallinity, nanoparticle size, optical indirect bandgaps and photocatalytic activity. It was shown that increasing the density of hydroxyl groups on TiO 2 particles coupled with low-temperature annealing (90
Introduction
TiO 2 is one of the most promising candidate materials for environmentally friendly renewable energy applications due to its tailored photoactivity, photo and chemical stability, non-toxicity, low cost, and favourable redox potential [1] [2] [3] [4] [5] . Since the discovery of the Honda-Fujishima effect of TiO 2 in 1967 for applications in photoelectrochemical water splitting [1] , research has revealed other characteristics and applications of this wide bandgap semiconductor, e.g. CO 2 reduction to produce carbonaceous solar fuels, decontamination, water purification, hydrophilicity under UV irradiation, and self-cleansing [5] [6] [7] [8] . The self-cleaning mechanism is mainly based on TiO 2 photocatalysis, where photo-induced electronholes catalyse reaction on the surface [6, 7, 9] . The design of different forms of TiO 2 with various levels of dimensionality has also been investigated and reviewed thoroughly [10, 11] .
As two-dimensional self-cleaning material, TiO 2 coatings may find numerous applications in the renewable energy field, such as on photovoltaic panels, for which dust and contaminants are primary efficiency drains [5] . A recent review summarizes the key areas of self-cleaning coatings [12] . These coatings can be prepared on different substrate materials including glass [13, 14] , construction materials [15, 16] , fabrics [17] [18] [19] [20] , and polymers [9, 21, 22] . Lightweight self-cleaning materials are particularly appealing, both for environmental and cost considerations [5] . TiO 2 thin films applied on polymers have also shown a higher rate of photocatalytic activity than those on glass [9, [23] [24] [25] . In particular, polycarbonate (PC) has many advantages over glass, e.g. applications in earthquake prone areas as windows in skyscrapers in lieu of glass as well as in the auto industry for headlight enclosures. Yaghoubi recently comprehensively reviewed the existing knowledge of TiO 2 self-cleaning nanostructured materials on polymers [5] .
The physicochemical properties of TiO 2 can largely affect its self-cleaning behaviour. The self-cleaning activity of TiO 2 mainly relates to three properties: morphology, crystal phase, and light-use efficiency. Compared to other techniques, these properties can be modified more readily through the sol-gel synthesis. Sol-gel synthesis is also considered as a facile preparation technique for low-temperature development of TiO 2 on low thermal resistance material, e.g. polymers [17] . In TiO 2 sol-gel synthesis the change in the density of hydroxyl groups on the TiO 2 particles can change the rates of hydrolysis and polycondensation of the titanium alkoxide, which induce physicochemical and structural alterations. Electrochemical experiments have confirmed the importance of hydroxyl groups in promoting electron transfer (ET) from the conduction band of TiO 2 to chemisorbed oxygen molecules [26] . The pH of the reaction medium can be varied to change the density of hydroxyl groups on the surface of TiO 2 particles. Herein, we employ confocal Raman spectroscopy to display the increase of TiO 2 surface hydroxyl groups and its effect on the phase transformation with increasing pH. Other techniques i.e. UV-Vis spectroscopy, dynamic light scattering (DLS), x-ray diffraction (XRD), atomic force microscopy (AFM), and photocatalytic tests have been employed here to probe the effect of surface-bound hydroxyl groups on physicochemical properties of TiO 2 .
Raman scattering as a local probe is sensitive to the crystallinity and microstructure of materials [27] . The phonon confinement effects in the Raman scattering by TiO 2 nanocrystals have been previously studied [28, 29] . Nevertheless, the majority of the investigations to date have focused on the phonon confinement effects on the strongest ∼144 cm −1 anatase photonic E g phonon. There has been little analysis of the phonon of other symmetries, except for a recent work by Sahoo et al [30] .
An advanced understanding of the parameters that determine crystallinity and phase formation is crucial for the successful technological application of TiO 2 self-cleaning nanomaterials. TiO 2 surface chemical properties affect the flat band potential (i.e. the potential that needs to be applied to a semiconductor to eliminate the space charge layer) and, consequently, the charge transfer from the photocatalyst to the adsorbate [31] . This change in the flat band potential in turn affects the photocatalytic activity of TiO 2 . The previous studies have mainly investigated the effects of pH on crystallinity and particle size in the acidic range, i.e. pH 7 [32, 33] . Others have investigated the effect of -OH-groups adsorbed from the atmosphere on the TiO 2 films by increasing the humidity [34] . In this work, we synthesize surfactantfree TiO 2 nanoparticles in water using the peroxotitanium complex as a starting material. By varying the surface acidity (10.3 pH 7.3) of TiO 2 particles, we determine the influence of the reactant chemistry, on the formation of the crystalline phase-mixed TiO 2 oxide systems. By doing this, one of our main objectives is to gain insight into the phase formation mechanisms through the density of hydroxylated groups on the TiO 2 particles (not in the solvent). In addition, we want to gain an in-depth understanding of how varying the pH of TiO 2 colloidal amorphous solutions can affect the physiochemical, optical, and self-cleaning properties of TiO 2 crystalline sols as well as developed coatings on PC substrates.
Experimental

Materials and synthesis
1 mm thick PC sheets were purchased from Bayer Corp., Germany. Potassium dichromate (Cr 2 K 2 O 7 ), 95-98% sulfuric acid (H 2 SO 4 ), and titanium (IV) isopropoxide (TTIP) were purchased from Sigma-Aldrich. 30% hydrogen peroxide (H 2 O 2 ) was purchased from J.T. Baker. Methylene blue hydrate (MB) was purchased from Fluka-Analytical. The PC substrates were cut into 25 mm × 20 mm pieces, cleaned, and chemically treated by immersing in a mixture of H 2 SO 4 and Cr 2 K 2 O 7 as explained earlier [9] . Amorphous solutions of TiO 2 were prepared as explained in our earlier work [9, 13] . Briefly, a peroxotitanium complex solution was prepared by mixing TTIP, H 2 O 2 and H 2 O with volume proportions of 12 : 90 : 200, respectively. The resulting amorphous solution was then divided into four batches. NH 4 OH was used to adjust the pH of the four batches with corresponding pH levels of 7.3, 8.3, 9.3 and 10.3, respectively. It is essential to note that all pH adjustments and measurements were performed on the amorphous sol, i.e. the peroxotitanium complex, prior to being refluxed for 10 h to obtain the crystalline phase. All references to pH levels in this study refer to measurements performed in the amorphous state. TiO 2 layers were spin-coated onto PC substrates at 1000 rpm for 1 min following this procedure: for all the samples, a pre-coat of the peroxotitanium complex was applied initially on the surface of PC substrates. This first layer was then dried in a vacuum furnace at 90
• C for 15 min. Four subsequent layers of crystalline TiO 2 were applied over the amorphous layer following the same procedure. Finally, the samples were annealed in vacuum at 90
• C for 1 h.
Characterization
Optical absorption and transmission of TiO 2 colloidal solutions and thin films at different pH levels was determined using a Thermo Scientific (Evolution 201) UV-Vis spectrophotometer. The optical indirect band gap energies of TiO 2 sols at different pH levels were also determined from the absorbance spectra. It is essential to note that all the bandgap measurements in this work refer to optical indirect energy of the bandgap, estimated from absorption spectrum, which is different from electronic bandgap (which can be measure by x-ray, ultraviolet and inverse photoemission spectroscopy). The hydrodynamic radius of TiO 2 nanoparticles in the aqueous sol was measured using DLS (Malvern, Zetasizer Nano S with 633 nm HeNe laser) at room temperature (25 • C) and with the original sol being diluted by a factor of fifty in order to ensure colloidal stability and to minimize scattering. All the Raman experiments were carried out using a confocal Raman microscope from Horiba Jovin Yvon, equipped with an Argon and Krypton laser (Coherent, Innova 70 C series). An excitation laser wavelength at 514 nm was used with a power of 78 mW at room temperature. Three accumulations and 5 s exposure times were employed for all the samples. The spectrograph grating was 600 grooves mm −1 and a 20× objective was used. Raman spectra ranging from 50 to 4000 cm −1 were collected. However, only the region with interesting peaks from 100 to 1000 cm −1 is shown and discussed here. To show the role of hydroxyl groups on the TiO 2 nanoparticles, the Raman spectra of the solvent was obtained by isolating it from the nanoparticles using an electrophoresis technique. An apparatus using a working (anode) and a counter (cathode) electrode of stainless steel was set up. The electrodes were placed vertically in a 25 ml beaker containing the crystalline TiO 2 nanoparticle solutions. The distance between the two electrodes and the surface of the electrodes was 1.5 cm and 4.5 cm, respectively. The electrophoretic deposition was carried out by applying 5 V across the cell. The voltage was increased gradually up to ∼13 V, until the solvent (water) and the TiO 2 particles were clearly segregated. Upon observing the yellowish hue of the solution fade and become clear, the solvent was extracted with a syringe and used for Raman spectroscopy. XRD measurements were performed using a D8 Advance Bruker powder x-ray diffractometer with Cu K α radiation (1.540 60 Å), K α1 (1.540 60 Å), K α2 (1.544 43 Å) and K β (1.392 22 Å). Electrophoretically separated nanoparticles from crystalline sols at different pH levels were vacuum dried at low temperature (90
• C) in an electric furnace to evaporate the solvent and its by-products. The remaining powders were collected for XRD analysis. The XRD data analysis was performed using X'Pert HighScore Plus PANalytical software. The morphology of the PC substrate before and after TiO 2 thin film deposition was studied with tapping mode AFM (Digital Instruments) in air. NANOSENSORS SuperSharpSilicon probes with a typical tip radius of 2 nm, a spring force constant of 1.3 N m −1 , and a resonant frequency of ∼61 kHz were employed in the measurements. The photocatalytic activity was evaluated by monitoring the degradation of 5 µM MB solution under UV illumination using a UV lamp (SPECTROLINE BLE-5T254 5 W, main spectral peak: 254 nm). The samples were placed horizontally within a beaker containing a 10 ml aqueous MB solution under constant stirring. The beaker was kept encased in an enclosure with the UV lamp installed inside. Initially, the samples were kept submerged in the MB solution in the dark for 75 min. The samples were then irradiated from above for a period of 150 min. The intensity of the absorption peak at 663 nm was measured using UV-Vis spectrophotometry at 10 min intervals to probe the degradation process.
Results and discussion
Optical properties study
The spectral optical absorption measurements are used to study the optical properties of the prepared crystalline TiO 2 sol and the thin films. Figure 1 presents the UV-Vis absorption spectra of the prepared 1 wt% crystalline TiO 2 in water at different pH levels ranging from 7.3 to 10.3 (7.3, 8.3, 9.3, and 10.3), in a quartz cuvette of 10 mm path length. The spectra depict that the minima of the spectral absorption for all studied solutions are in the visible region. Increasing the pH shifts the TiO 2 absorption cut-off-i.e. where the absorbance value is nearly minimal-towards shorter wavelengths (blue shift). The observed blue shift could partially be due to the different particle and crystallite sizes.
The optical indirect bandgap energy (E g ) of the crystalline TiO 2 colloidal solutions at different pH levels can be calculated according to equation (1) [35] ,
where A is a constant which depends on the type of the semiconductor, h is the Planck constant (4.1357 × 10 −15 eV s), ν is the frequency, α is the absorption coefficient, and m is equal to 0.5 and 2 for direct and indirect transitions, respectively. Since TiO 2 is an indirect transition semiconductor, extrapolating the straight line portion of (αhν) 0.5 versus hν graph to the abscissa yields the indirect bandgap of different TiO 2 samples, as shown in figure 2(a). The optical indirect bandgaps of the crystalline TiO 2 solutions were calculated as 2.35 eV, 2.42 eV, 2.55 eV and 2.60 eV at pH 7.3, 8.3, 9.3 and 10.3, respectively (figure 2(a)). It is essential to note that the optical indirect bandgap is different than the electronic bandgap. The interestingly low observed optical indirect bandgap energies of the crystalline TiO 2 colloidal solutions here, call for additional research to measure the electronic bandgap by x-ray photoemission spectroscopy as well as surface imaging by a scanning tunnelling microscope (STM) to clarify the effect of surface states or defects and lattice imperfections, respectively. Recently, it was shown that that the surface states of a two-dimensional phase of TiO 2 might have a lower bandgap compared to the bulk TiO 2 [36, 37] . This difference might be related either to surfacestate-induced band bending [36] , Ti interstitial species in the TiO 2 bulk that can diffuse to the surface in the presence of oxygen and form a new TiO 2 phase with lower bandgap [37] , or to surface defects. In particular, the density of surface states is intrinsically high in nanoparticles. Our preliminary results (unpublished data) show that the surface states of the synthesized TiO 2 particles have a significant effect on its relatively low bandgap. A detailed study on electronic band structure of the synthesized samples is underway in our laboratory and will be reported in forthcoming papers.
The distinct linear pattern in this plot denotes the onset of absorption. In general, the morphology and the self-cleaning properties of the resultant TiO 2 films can be partially affected by the secondary particle distribution. Hence, it is important to control the particle size and agglomerate distribution of the colloids. In this study, the relationship between TiO 2 nanoparticle hydrodynamic radius (r) and pH was studied experimentally using DLS. The size measured using DLS includes the shear layer around the nanoparticles, i.e., it over-estimates the size by a few nanometres [9] . Figure 2(b) shows that by changing the pH of the peroxotitanium complexes, size-controllable TiO 2 nanoparticles may be produced. The average radius of the TiO 2 nanoparticles increasing with increasing pH levels of the reaction mixture. The estimated radii for the main peaks in figure 2(b) correspond to about 23 nm, 30 nm, 55 nm and 156 nm at pH 7.3, 8.3, 9.3 and 10.3, respectively. The water-soluble crystalline colloidal solutions, obtained at pH 7.3 and 8.3, were stable for more than one year. The as-obtained precipitates-i.e. the crystalline TiO 2 nanoparticles after isolation from solvent by electrophoresis-were capable of being re-dispersed in water to re-form stable colloidal solution. The state of the art for preparation of soluble TiO 2 nanoparticles makes use of organic modifiers and surfactants to tailor the particles' surface properties. This eventually leads to diminished solubility, which is a result of modifier/surfactant molecules that cannot be removed [38] . Recently, Zhao et al also have successfully synthesized surfactant-free water-soluble anatase nanoparticles based on the hydrolysis and condensation of tetramethoxysilane (TMOS) [38] .
It was observed that by increasing the pH, the monodisperse TiO 2 colloidal solutions at pH 7.3 give away to polydisperse solutions at higher pH levels that suggest the onset of precipitation ( figure 2(b) ). The size of crystalline TiO 2 particles is strongly dependent on the acidity of the peroxotitanium complex. The electrostatic surface charge of TiO 2 particles and its surface chemical composition may be altered by varying the density of hydroxyl groups. A lower surface acidity of TiO 2 nanoparticles-i.e. higher concentrations of hydroxyl groups-demote the rate of hydrolysis reactions which leads to formation of aggregates. Higher pH likely facilitates the mutual contact of surface hydroxyl groups between particles, leading to the strong inter-linkage of TiO 2 particles [38] . It was observed that nanoparticle solutions prepared at pH 10.3 were only stable for 10 days, after which the TiO 2 solution transformed from an aqueous form to a gel. In a basic environment, there exist strong attractive effects due to the negative surface charges of the titanium clusters [39] . Figure 2 (a) demonstrates that the indirect bandgap energies of the crystalline TiO 2 colloidal solutions prepared at lower pH levels are narrower than those prepared at higher levels. In the structures with relatively small grain size (<100 nm), the bandgap widening (blue shift in the absorption edge) is generally expected with reduction in the particle size (quantum confinement effects) [40] . Herein a wider bandgap was observed in the sample with larger particle size. This suggests that in this case the optical indirect bandgap energy is mainly under the influence of chemical composition/phase crystallinity rather than the particle size since the TiO 2 nanoparticles surface composition-i.e. the crystallinity and the density of the surface hydroxyl groups-does not remain constant by changing the pH of the peroxotitanium complex (or as the prevalence of either the anatase or rutile phase varies). This is elaborated on in the 'structural properties study' section. Anatase and rutile (two forms of TiO 2 ) are different in mass density and electronic band structure due to disparities in lattice structures [4] . Furthermore, because the crystallinity of the anatase phase degrades with an increase in the density of hydroxyl groups residing on the particles' surface, the predominance of an amorphous phase increases (structural properties study section-Raman and XRD analysis), where a considerable blue shift in the absorption edge is observed. As a result of an increase in the amorphous content, the grain boundaries and imperfections decrease. This leads to larger free carrier concentrations and the existence of potential barriers [41] . The electric fields arising from these factors result in an increase in the optical bandgap, as explained elsewhere [41] .
As mentioned earlier in this work, the treated PC substrates were spin-coated with the synthesized TiO 2 sols at different pH levels. A pre-coat of peroxotitanium complex was employed initially to protect the substrate from photocatalytic degradation and also to provide improved adhesion. Figure 3 displays typical transmittance spectra for the coated substrates. One observes that the transmittance of the samples in the visible region (400-700 nm) decreased due to the high refractive index of TiO 2 , which causes high reflectivity. The refractive index for TiO 2 layers on PC has been previously estimated at about 2.0 [9] . The thickness of the applied thin films, from the sol prepared at pH 7.3, was calculated to be ∼105 nm. The method of thickness measurement has been explained in detail elsewhere [9, 42] . This thin film includes four crystalline layers along with an amorphous pre-coat layer.
Structural properties study
3.2.1. Raman spectroscopy. Herein, Raman spectroscopy was applied to probe the effect of TiO 2 surface hydroxyl groups on the phase/structural transformation. The previous efforts include the non-stoichiometry effects for TiO 2 nanocrystals obtained at 100-650
• C [27] , and the phase transformation of TiO 2 from anatase to rutile in the range of 200-800
• C by UV and visible Raman spectroscopy [43] . A previous study has also analysed the stress and strain of anatase TiO 2 films with Raman spectroscopy [44] . Additionally, Swamy et al have studied the size-dependent modifications of the Raman spectrum of rutile TiO 2 [45] . In the current study, Raman spectroscopic investigations of phonons of different symmetries in TiO 2 nanocrystals synthesized by the sol-gel method were carried out. Figure 4(a) shows Raman spectra of crystalline TiO 2 solutions with different pH conditions. To verify that the appearance of the bands is caused by TiO 2 nanoparticles and not the solvent (water), the nanoparticles were isolated with the previously mentioned electrophoresis technique. There are a total of six Raman bands which are absent in the spectra of the aqueous solution without the presence of TiO 2 nanoparticles ( figure 4(b) ). Figure 4 (a) indicates five major bands at ∼150, 285, ∼508, 678 and 906 cm −1 and another weak band at 822 cm −1 . Two Raman bands of the anatase phase of TiO 2 were observed at ∼150 and ∼508 cm −1 . These bands are assigned to E g and B 1g /A 1g photonic modes, respectively [43, 46] . The E g mode centred around 150 cm −1 is the most commonly used anatase Raman band to probe phonon confinement effects [47] . One can see from figure 4(a) that a change in the pH of the peroxotitanium complex from 7.3 to 8.3 induces a shift (towards lower wavenumbers) of the ∼150 cm −1 E g phonon mode for crystalline nanoparticles of larger sizes (see the online supporting information for figure scaled to emphasize the area of interest (stacks.iop.org/JPhysD/46/505316/mmedia)). This is in line with the above DLS observations which showed larger particles sizes for the pH 8.3 versus pH 7.3 samples. As can be seen, Raman active phonons of rutile at 442 (E g ), 607 (A 1g ) and 692 cm −1 are absent in the presented Raman spectra in figure 4(a) [48] . Conversely, further structural analysis by XRD later shows the presence of rutile peaks in the pattern. One notes that the appearance of rutile peaks in XRD patterns is most likely due to the post-annealing of the crystalline TiO 2 nanoparticles at 90
• C, which give rise to the formation of rutile. The Raman band at 668 cm −1 could be interpreted as Ti-O-Ti crystal phonons [48] [49] [50] , which is shifted to 678 cm −1 in the presented Raman spectra ( figure 4(a) ). Several factors including a heterogeneous size distribution [51, 52] , as well as defects and non-stoichiometry may contribute to the changes in the peak position, line-width, and the shape of the Raman modes [53] . It was demonstrated that the Raman lines become also weak and broad when the samples have local lattice imperfections that might be related to the oxygen stoichiometry of the material and crystallinity [27, 53] . Hence, absence of the observed strong peak at 150 cm −1 at pH 9.3 and 10.3 as well as the change in the line-width and the shape of Raman band at 678 cm −1 , can be described by the increase in the amount of the noncrystalline phase (defects or more amorphous content) as well as increase in the heterogeneity of the size distribution (confirmed by the broadening of the particle size distributions obtained from DLS). This is elaborated on in XRD section in this paper. The weak band at 822 cm −1 is related to a covalent Ti-O-H bond [46, 49] , while the vibration band at 906 cm −1 could also be attributed to Ti-O-H bonds [49] . It has already been shown for TiO 2 nanotubes that the Raman band at 922 cm −1 is related to Ti-O-H vibrations [49, 50] . In this study, the pH effect of the peroxotitanium complex on the structure of crystalline TiO 2 was mainly shown in the intensity increase of the band at 906 cm −1 . The pH alerts on the protonation and de-protonation equilibrium of surface hydroxylated groups. The use of NH 4 OH to adjust the pH levels of the samples can promote the formation of Ti-O-H. As pH increases during the refluxing process, TiO 2 can preferably bind to the -OH-groups surrounding the crystalline phase which results in interrupting the formation of the anatase. The increase in pH gradually enhances the peak at 906 cm −1 , while simultaneously causing the strong peak at 150 cm −1 to fade away. By increasing the pH of the peroxotitanium complex the intensity of the weak band at 822 cm −1 (covalent Ti-O-H) increases slightly, as well. The Raman bands at 285 and 678 cm −1 have been previously observed for the TiO 2 anatase dried at 373 K [49] . High temperatures can induce the transform of the TiO 2 structure [49] . Hence, the presence of the Raman peaks at 285 and 678 cm −1 suggest that a higher pH environment (in the peroxotitanium complex) might play the same role as high-temperature annealing in the structural transformation of crystalline TiO 2 . The above-mentioned Raman study regarding the TiO 2 amorphous samples treated with different pH levels indicates that the pH environment affects the formation of the anatase phase of TiO 2 . It can be deduced that, as the pH level increases, the formation of the anatase phase of TiO 2 is inhibited, which leads to the transformation of the TiO 2 structures.
X-ray diffraction.
The effect of pH on the average crystallite size and crystallinity was studied by XRD. Figure 5(a) shows the XRD patterns of the TiO 2 particles obtained from the sols synthesized at different pH levels (7.3, 8.3, 9.3 and 10.3). The relative intensity of the diffraction lines indicates that the crystallinity of TiO 2 nanoparticles is closely related with the concentration of -OH-groups on the TiO 2 surface in the peroxotitanium complex. The intense diffraction lines at (1 1 0) and (1 0 1) for vacuum dried sols prepared from peroxotitanium complexes at pH levels 7.3 and 8.3, indicate high levels of crystallinity. This is in contrast to the patterns of dried TiO 2 nanoparticles at pH 9.3-10.3, which exhibit broad (1 1 0) and (1 0 1) peaks Figure 5 . (a) XRD patterns of dried TiO 2 crystalline particles prepared from solutions at different pH (7.3 to 10.3) annealed at 90
• C and (b) the share of anatase crystalline phase versus pH. (1 0 1), (1 1 0) and (1 2 1) show 100% intensity XRD peaks for anatase, rutile and brookite, respectively. The intensity of the main anatase, rutile, and brookite peaks decreases with increase in pH.
indicating inferior crystallinity. The decrease in the intensity of the main XRD peaks-i.e. (1 0 1), (1 1 0) and (1 2 1)with increases in pH could partially be attributed to processes such as coarsening and aggregation-recrystallization and/or to inferior crystallinity. The calculation of the crystalline share was performed automatically on software using the Rietveld refinement. The main contribution for the anatase, rutile, and brookite shares comes from the major 100% intensity peaks at (1 0 1), (1 1 0), (1 2 1) , respectively. For pH 7.3 and 8.3, anatase was the predominant crystalline phase ( figure 5(a) ).
The average crystallite size of the anatase phase was calculated using the Debye-Scherer's formula from the fullwidth at half-maximum (FWHM) of the (1 0 1) reflection-i.e. the most intense diffraction peak-for anatase [13] :
where D is the crystallite size, λ is the x-ray radiation wavelength (0.154 060 nm); B m and B s are the reflection FWHM of the measured sample and the standard sample, respectively. A detailed analysis of figure 5(a) demonstrates that for the 100% intensity (1 0 1) peak of anatase, the FWHM decreases to a small degree from ∼0.76 to ∼0.69 with pH increasing from 7.3 to 8.3. This indicates a small increase in the crystallite size. The estimated average anatase crystallite size increased from ∼10.7 to ∼11.8 nm by increasing the pH of the peroxotitanium complex from 7.3 to 8.3, respectively. The size of particle which can be quantified by DLS technique is essentially different from the crystallite size, which can be estimated from XRD data. The comparison between this observation and DLS analysis evidently demonstrates that each particle has a polycrystalline nature. It can be concluded from figure 5(b) that the calculated anatase phase content decreased as the pH of the amorphous solution increased from 7.3 to 10.3. Increasing the pH of the amorphous complex to levels >8.3, resulted in a noticeable transition in crystallinity from long-range order to short-range order, suggesting that higher densities of hydroxyl groups leads to inferior crystal quality. This can be confirmed by the observation of the significant reduction in the intensity of (1 0 1) and (1 1 0) reflections, which is consistent with the Raman spectroscopy results. The XRD peaks located at ∼48
• and ∼62.7
• are caused by the overlap of several phases. Although the share of anatase crystalline phase decreases as the pH increases from 7.3 to 10.3, the increase in the intensity of these peaks to a small degree at pH 10.3 is likely due to the presence of more brookite TiO 2 .
The kinetics of phase transformations in TiO 2 has been already extensively reviewed [54] . It is commonly accepted that high-temperature annealing, at least 610 to 695
• C, is required for anatase to rutile transformation, while the transformation becomes immeasurably slow below the mentioned temperature range. However, the rutile particles obtained via high-temperature calcination of anatase phase are agglomerated due to growth of the nanocrystalline particles [55] . We have previously developed thin films of fully anatase TiO 2 on PC from peroxotitanium complexes refluxed at pH 7, which showed all reflections correspond to the anatase phase (see the online supporting information for XRD pattern of colloids obtained at pH 7 (stacks.iop.org/JPhysD/46/505316/mmedia)) [9, 13] . The comparison between XRD analysis in the current study and our previous works [9, 13] , shows that increasing the pH of the peroxotitanium complex coupled with low-temperature annealing (90
• C) can be considered as a simple and inexpensive way to prepare active phase-mixed rutile-anatase photocatalysts for wet coating applications at low temperatures. This is also in line with the observations in Raman section in this paper, which showed that increasing the pH of the peroxotitanium complex impedes the formation of anatase phase. In good agreement with the Raman spectroscopy results, the XRD analysis simply shows that for pH 10.3, a substantial part of the solid was not crystallized. Our earlier investigation on XRD patterns of TiO 2 thin films annealed at various temperatures (100-500
• C) demonstrated that annealing at elevated temperatures does not induce anatase to rutile transformation [13] .
Morphological properties study
The surface morphology of the TiO 2 films deposited on PC substrates is investigated by AFM operating in tapping mode. The AFM (scan area 500 nm × 500 nm) micrographs of a PC substrate before and after deposition of TiO 2 crystalline layers, applied from refluxed peroxotitanium complexes at different pH levels, are shown in two-dimensions (2D) in figure 6 . The phase images (insets) of the developed crystalline TiO 2 with varying pH show uniform layers on the PC surface. The AFM micrographs confirm the decrease in the anatase crystalline phase share with an increase in pH. This can be observed in the relatively rough granular morphology of anatase in figures 6(b) and (c) (RMS roughnesses of ∼10.5 nm and ∼7.5 nm, respectively), which is shown to change gradually as the intensity of -OH-groups on the TiO 2 particles increases in figures 6(d) and (e) (RMS roughnesses of ∼4.6 nm and ∼3.6 nm, respectively).
The interpretation of the AFM results in terms of surface morphology agrees with the observation of the reduction in the anatase (1 0 1) reflection (figure 5(a)) with increases in pH. This can be attributed to the reduction in the prevalence of the anatase crystalline phase with respect to other TiO 2 phases ( figure 4(b) ) which led to a decrease in RMS roughness of the surfaces. Additionally, it can be noted that the roughness is caused by the granular structure, which also results in a high surface area. Hence, it is expected that crystalline layers prepared from the complex at pH 7.3, exhibit higher selfcleaning activity compared to other samples. This is partially due to the fact that this layer has the highest RMS roughness.
Self-cleaning properties study
Degradation of MB was used as a measure of the photocatalytic activity of the films. Figure 7(a) shows the absorbance spectra of the MB solution at different UV illumination times for the thin films applied on PC from the pH 7.3 sol.
The peak intensity at 663 nm was used to estimate the relative concentration of MB in the solution. Increasing the illumination time leads to decreased MB concentration. The relative concentration of MB as a function of illumination time is displayed in figure 7(b) . The pH 7.3 sample, with a total degradation of ∼77%, shows the highest self-cleaning activity. Similar degradation was observed for dip-coated thin films with comparable thickness of pure anatase on PC in our previous work [9] . It is important to note that the UV lamp used in the previous work had two emission lines; a major emission line at 254 nm and second weaker one at 365 nm. The lamp used in this study has only one emission line, which is at 254 nm, i.e. less UV radiation is emitted.
There are several reasons that may account for the higher self-cleaning activities of the films prepared from lower pH levels in this study. First, higher levels of crystallinity at lower pH levels (i.e. 7.3 and 8.3), shown in figures 5(a) and (b), plays an important role in the enhancement of the self-cleaning activities. Second, smaller anatase crystallite sizes could shorten the route for an electron as it migrates from the conduction band of the anatase TiO 2 to its surface. Additionally, smaller particle size also accounts for a higher surface area. As mentioned before, the roughness is caused by the granular structure, which also provides a high surface area. Hence, it is expected that crystalline layers prepared from the complexes at pH 7.3 and 8.3-with RMS roughnesses of ∼10.5 and 7.5 nm, respectively-exhibit higher photocatalytic activity compared to other samples. Therefore, poor crystallinity is most likely the primary reason for the low photocatalytic activity of thin films prepared from the complexes synthesized at higher pH levels (i.e. 9.3 and 10.3). For the TiO 2 thin films prepared from the sol at pH 10.3, the MB degradation is negligible, i.e. very minute photocatalytic activity is observed. This is consistent with our observations of the crystallinity of TiO 2 nanoparticles at each pH level described in the XRD section. The rate of degradation also is higher for the films prepared at lower pH levels, that is, the smaller nanoparticles with lower density of -OH-groups on the surface along with a greater portion of the anatase phase show higher photocatalytic activity. The degradation curves in figure 7(b) are, to a good approximation, exponential decay curves. Therefore, the photocatalytic reaction is a first-order reaction with a reaction rate constant k, where C/C 0 = exp(−kt). The values of k for samples with different pH levels are shown in figure 7(c). It is observed that k decreases linearly with increasing the pH levels of the peroxotitanium complex.
Conclusion
It was shown that active phase-mixed anatase-rutile photocatalysts for wet coating applications can be prepared from peroxotitanium complexes at pH 7.3-8.3 with low-temperature annealing. As a whole, the crystallinity of the anatase phase degrades with an increase in the density of hydroxyl groups residing on the particles' surface and the predominance of the amorphous phase increases with pH, as well. The anatase phase contents were shown to be 51.2%, 33.8%, 8% and 0.6% for samples at pH 7.3, 8.3, 9.3 and 10.3, respectively. It was observed that by increasing the pH, the monodispersity of the TiO 2 colloidal solution at pH 7.3 gives away to polydispersity as higher pH levels show mixtures of nanoparticles of different diameters. Higher pH of the perxotitanium complex likely facilitates the mutual contact of surface hydroxyl groups between crystalline particles, leading to the strong inter-linkage of crystalline TiO 2 particles and larger average particle size. Increasing the pH causes a blue shift in the TiO 2 absorption cut-off and a widening of the optical indirect bandgap of the crystalline TiO 2 from 2.35 eV for pH 7.3 to 2.60 eV for pH 10.3. Thin films prepared at lower pH showed more defined granular morphology and higher RMS roughness. Better self-cleaning activity was observed for films prepared at lower pH levels. civil engineering department (USF) for valuable discussions on XRD analysis. We would like to thank C Eaton for valuable help editing the manuscript.
